O and H2O2 to the bactericidal process were studied using two disinfection settings sutilizing photocatalytic resin-TiO2 nanocomposite surfaces and suspended TiO2 nanoparticles, respectively. In antibacterial tests against S. epidermidis with a layer of bacterial suspension on the resin-TiO2 surfaces, H2O2 was found to be the most efficient ROS component contributing to the antibacterial effect. Disinfection kinetics showed a two-step behavior with an initial region having a lower disinfection rate followed by a higher rate region after 10 min of UV irradiation. By contrast, in antibacterial tests with suspended bacteria and photocatalytic TiO2 nanoparticles, •OH and H2O2 showed equal significance in the bacterial inactivation having a typical Chick-Watson disinfection kinetics behavior with a steady disinfection rate. The results contribute to the understanding of the bactericidal mechanism and kinetics of photocatalytic disinfection that are essential for designing specific antibacterial applications of photocatalytic materials.
Introduction
Since Matsunaga et al. demonstrated the biocidal effect of TiO 2 under metal halide lamp irradiation in 1985 [1] , there has been an increasing interest in the application of the photocatalytic reaction of TiO 2 as an alternative disinfection strategy to traditional chemical methods (e.g. alcohols, aldehydes, iodine, phenols and chlorine) or antibiotics [2] [3] . The photocatalytic reaction has been shown to be capable of killing a wide range of organisms, including Gram-negative and Gram-positive bacteria, fungi, algae, protozoa, viruses and bacteriophages [4] [5]. The mechanism of TiO 2 induced photocatalysis involves the excitation of electrons from the valence band of this semiconductor to the conductive band through the absorption of light with sufficient energy (wavelength about 385 nm or less, depending on the size of the band gap). This results in the formation of electron-hole pairs with strong reducing and oxidizing potentials: 2 CB VB TiO e h hv − + + → +
Primary oxidants, hydroxyl radicals (•OH), are generated on the hydrated metal oxide when H 2 O or OH − reacts with the positive holes (Equations (2) and (3)). Ti IV sites in the titania crystals can trap the conduction band electrons and be reduced to Ti III sites, which can in turn react with the O 2 adsorbed at Ti III sites and generate superoxide radicals ( (4) and (5) 
Further reactions can also lead to the generation of hydrogen peroxide (H 2 O 2 ) (Equations (6) and (7)): 
2 OH H O → 
Hydroxyl radicals (•OH), superoxide radicals ( 2 O −  ) and hydrogen peroxide (H 2 O 2 ) are considered key reactive oxygen species (ROS) generated in the photocatalytic reaction [6] - [8] . In order to investigate the production, lifetime and diffusion coefficients of these ROS, methods incorporating detection probes specific to each species (see Table 1 ) have been established [9] [10]. The use of scavengers for •OH, 2 O −  and H 2 O 2 (see Table 1 ) has also proved to be a reliable way of studying the involvement of ROS in the photocatalytic reaction [7] [8] .
Understanding the bactericidal mechanism and kinetics of photocatalytic disinfectionis is essential for designing specific antibacterial applications of photocatalytic materials [6] . Consequently, extensive research on the mechanism of photocatalytic killing of bacteria has been conducted [1] [6] [14] [15] . Many possible extracellular [14] (e.g. peptidoglycan, polysaccharides and phospholipid) and intracellular (e.g. enzymes, coenzymes [1] and nucleic acid [15] ) target sites for the ROS attack have been considered in studies of photocatalytic inactivation of bacteria. To date, the most convincing research suggests that the critical targets of ROS attack are polyunsaturated fatty acids and that the resulting lipid peroxidation is the key factor in the bactericidal effect [16] [17]. However, photocatalytic inactivation of bacteria is a complex process that involves reactions between the bacteria components and multiple types of ROS (e.g. •OH, 2 O −  and H 2 O 2 ). Compared to the amount of research on the targeted bacterial components, the importance of each type of ROS in the bactericidal process has not re- Table 1 . Reactive oxygen species (ROS) generated in TiO 2 induced photocatalysis and the corresponding scavengers and detection probes.
ROS

Scavengers Detection probes
Hydroxyl radicals (•OH) Mannitol, Glutathione DMSO [11] * Hydrogen peroxide (H2O2) Catalase Luminol [9] Superoxide radicals ( 2 O −  ) Superoxide Dismutase (SOD) Luminol, Lucigenin [12] , NBT [12] * , MCLA [13] ceived as much attention. In several studies [18] - [20] , •OH radicals are believed to be the main factor in bacterial inactivation while H 2 O 2 has been shown to be the ROS responsible for long-range bactericidal effects [21] . Additionally, kinetics of the bactericidal process are important to understand for controlling parameters in disinfection applications.
In the present work, the kinetics of the Staphylococcus epidermidis inactivation and specific contributions of •OH, 2 O −  and H 2 O 2 to the bactericidal process were studied using two photocatalytic disinfection settings; one with a resin-TiO 2 photocatalytic surface and one with suspended photocatalytic TiO 2 nanoparticles.
Materials and Methods
Bacterial Strain
Staphylococcus epidermidis (CCUG 18000 A) was used in the antibacterial tests. A frozen aliquot of S. epidermidis was inoculated into 10 ml Brain Heart Infusion (BHI) broth (Fluka, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and cultured at 37˚C with agitation to late log phase. S. epidermidis were collected by centrifugation (4000 rpm, 10 min, EBA 30 centrifuge, Hettich, Tuttlingen, Germany) and then re-suspended in sterile phosphate buffered saline (PBS).
Photocatalytic Surfaces
For tests involving photocatalytic surfaces, a resin-TiO 2 nanocomposite was prepared by incorporating TiO 2 nanoparticles in a resin matrix. This nanocomposite material has been proved to possess photocatalytic properties capable of effectively killing bacteria on the surface [22] . The resin consists of two monomers, 2,2-bis [4-(2-hydroxy-3-methacryloxypropoxy) phenyl-propane (BisGMA, Polysciences Europe GmbH, Eppelheim, Germany) and 2-hydroxyethyl methacrylate (HEMA, Sigma-Aldrich, Schnelldorf, Germany), in a 55/45 wt/wt ratio. The photoinitiator and coinitiators were added as follows: 0.5 mol% camphorquinone (CQ); 0.5 mol% 2-(dimethylamino) ethyl methacrylate (DMAEMA); 0.5 mol% ethyl-4-(dimethylamino) benzoate (EDMAB); and 1 wt% diphenyliodoniumhexafluoro phosphate (DPIHP) (all from Sigma-Aldrich, Steinheim, Germany). The resin-TiO 2 nanocomposite was made by mixing 20 wt% of TiO 2 nanoparticles (P25, Evonik Industries AG, Germany) in the resinmonomer mixture. These nanoparticles consist of both the anatase and rutile crystalline phases, which can be observed in previous characterizations of this resin-TiO 2 nanocomposite [23] . The mixture was placed in an ultrasonic bath for 1 hour to decrease nanoparticle aggregation. The mixture was then cast in Teflon molds (cylindrical: diameter 8 mm, thickness 1 mm) and polymerization was induced under 460 nm light (Blue LEX GT1200, Monitex, Taiwan) for 30 s under N 2 flow. Pure resin disks without nanoparticles were prepared and used as controls.
Antibacterial Tests
To examine the bactericidal effect of the ROS, three types of scavengers, D-Mannitol, SOD and Catalase (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), were employed to block •OH, 2 O −  and H 2 O 2 , respectively, in the antibacterial tests. The concentrations of scavengers were adjusted to achieve optimal blocking of respective ROS.
In order to investigate how the antibacterial effect of ROS is affected by the distance between bacteria and TiO 2 catalysts, two series of antibacterial tests were performed, one utilizing photocatalytic resin-TiO 2 nanocomposite disks as the active antibacterial material and the other utilizing photocatalytic TiO 2 nanoparticles (P25) in a bacterial suspension as the active antibacterial material. See Figure 1 for a schematic representation of the two test scenarios.
Antibacterial Tests with Photocatalytic Surfaces
The sample suspensions for antibacterial tests with photocatalytic surfaces were made by mixing the S. epidermidis suspension with solutions in PBS containing various combinations of the ROS scavengers D-Mannitol, SOD and Catalase. Table 2 displays a summary of the different suspensions and their constituents used in the antibacterial tests with photocatalytic surfaces.
Resin-TiO 2 disks were used for test series I-1 to I-5 while pure resin disks without TiO 2 nanoparticles were used for test series I-6 to examine the bactericidal effect of UV light alone. For all antibacterial tests, 10 μl of 
sample suspension was spread evenly over the surface of each disk (see test schematic, Figure 1(a) ). With a disk diameter of 8 mm, the resulting layer of suspension on the surface is calculated to be approximately 200 μm thick. The surfaces of the disks were then irradiated with a UV-A diode (λ = 365 nm, NSCU033B (T), Nichia, Japan) with an intensity of 10 mW/cm 2 (UV light meter, UV-340, Lutron), and irradiation times of 0, 3, 6, 10, 15, 20, 30 and 40 minutes (three disks at each irradiation time and each test series).
After the UV-A irradiation, each disk was immediately transferred into a well in a 48-well plate containing 500 μl of PBS. The 48-well plate was then shaken at 500 rpm for 2 minutes (Talboys incubating orbital shaker, Troemner, USA) to re-suspend the bacteria from the disk surfaces. From the 500 μl of bacteria suspension, 100 μl was transferred to a metabolic activity test well containing a 900 μl solution of BHI broth and resazurin (2.5 μg/ml). Concurrently, a bacterial dilution series (from 1 to 10 −8 times the untreated bacterial concentration) was prepared to provide a standard curve for quantitative determination of bacterial viability. The plates were cultured at 37˚C and the transition from resazurin (blue and non-fluorescent) to resorufin (pink and fluorescent) due to bacterial metabolism was monitored by both fluorescent intensity measurements (excitation at 530 nm and emission at 590 nm; for high viability samples with shorter UV irradiation time) and time needed for color change from blue to pink (visually; for low viability samples with longer UV irradiation time) [24] . Bacterial viability of each sample was determined by correlation to the standard curve, which was derived from the known bacterial concentrations.
Antibacterial Tests with Suspended TiO2 Nanoparticles
The sample suspensions for antibacterial tests with suspended TiO 2 nanoparticles were prepared by mixing TiO 2 P 25 nanoparticles and S. epidermidis with solutions in PBS containing various combinations of the ROS scavengers D-Mannitol, SOD and Catalase. Table 3 displays a summary of the different suspensions and their constituents used in the antibacterial tests with suspended TiO 2 nanoparticles.
For the antibacterial test series II-1to II-5, 1 ml of sample suspension was added to a well in a 12-well plate. The well was then irradiated with a UV-A diode with an intensity of 10 mW/cm 2 . The plate and UV-A lamp were fixed to an orbital shaker operating at 250 rpm during irradiation to ensure uniform mixing of bacteria and nanoparticles. A series of 10 μl samples were removed from the well at 0, 3, 6, 10, 15, 20, 30 and 40 minutes during illumination. Each sample was added to a 900 μl solution of BHI broth and resazurin (2.5 μg/ml), and bacterial viability was analyzed using the metabolic activity test as described above in test series I. Each test series was performed in triplicate.
Optimization of Scavenger Concentrations
Different concentrations were tested first to ensure adequate ROS blocking by scavengers; the optimal concentration was determined when an increase of concentration did not provide a further increase in blocking effect.
For mannitol, SOD and Catalase, a concentration series of 0.05, 0.1, 0.3, 0.5, 1, 3, 5 and 10 mg/ml was tested. The results showed that for all three scavengers, increasing the concentration above 1 mg/ml did not appreciably increase its capability to block the antibacterial effect of the photocatalytic process. In panels I-1 to I-5 the presence of ROS scavengers is indicated with antibacterial tests of the resin-TiO 2 disks. Panel I-6 displays the log reduction of S. epidermidis viability when non-photocatalytic pure resindisks were used and, thus, shows the effect of UV irradiation alone. Lines are exponential curve fits to the data representing the disinfection rates. Each data point is the mean of three samples and standard deviations are within 11%. 
Results
Antibacterial Tests with Photocatalytic Surfaces
The photocatalytic effect of the resin-TiO 2 disks can be seen by comparing panels I-5 and I-6 in Figure 2 . After 40 min of UV illumination, the antibacterial effect of the UV light alone resulted in less than 1 log bacterial viability reduction on the non-photocatalytic pure resin surface while an additional 6 log reduction could be achieved from the photocatalytic effect of the resin-TiO 2 surface with the same UV dose. From panels I-1, I-2 and I-3 we can infer the relative contributions to the antibacterial effect from •OH, 2 O −  and H 2 O 2 , respectively, by comparison to panel I-5 in which all ROS are active. When all three of these ROS are simultaneously blocked, see panel I-4, we do not see a decrease in antibacterial effect equivalent to that of UV light alone, shown in panel I-6, indicating that either the scavengers are not 100% efficient in blocking the ROS, or that other antibacterial agents in addition to the three in focus here are in play when illuminating the resin-TiO 2 disks with UV light.
In Figure 2 , all tests involving the photocatalytic resin-TiO 2 disks exhibited two regions of bacterial viability reduction, an initial step of lower bacterial killing rate within about the first 10 minutes of UV irradiation (Step 1) followed by a step with an increased bacterial killing rate (Step 2). In each step, a disinfection rate was determined according to the Chick-Watson disinfection model [25] that describes the relationship between number of viable bacteria N and the application time (t) of bactericidal treatment (in our case UV irradiation time):
where k is the disinfection rate constant and N 0 is the initial number of bacteria at t = 0. Equation (8) was applied to the data in Figure 2 and the obtained disinfection rate constants are listed in Table 4 along with the log reduction of bacterial viability after 10 and 40 minutes. Additionally, the log reduction of bacterial viability after 10 and 40 minutes for antibacterial tests I-1 to I-6 are displayed in Figure 3 to aid in the comparison of ROS contributions to the total antibacterial effect.
Antibacterial Tests with Suspended TiO2 Nanoparticles
The results of the antibacterial tests with suspended TiO 2 nanoparticles (P 25 ) are shown as bacterial viability reduction compared to the untreated bacterial samples (i.e. 0 min UV irradiation) versus UV irradiation time in Figure 4 . From panels II-1 to II-4 we can infer the relative contributions to the antibacterial effect from •OH, 2 O −  and H 2 O 2 , respectively, by comparison to panel II-5 in which all ROS are active (i.e. where no scavengers were used). When all scavengers are used in the antibacterial tests, the antibacterial effect is the lowest, as expected (panel II-4). The log reduction achieved in each test after 40 minutes UV irradiation is shown in Figure 5 . A control antibacterial test with only UV irradiation is not available because the opaque TiO 2 nanoparticles decreases the UV irradiation through the suspension by an unknown factor; a control test without nanoparticles would thus subject bacteria to a entirely different UV dose than in a suspension with nanoparticles.
A common behavior of all tests with suspended TiO 2 nanoparticles is the decrease in rate of inactivation with increasing UV irradiation after approximately 20 minutes. This can likely be attributed to the aggregation of nanoparticles (and perhaps bacteria) and the subsequent partial precipitation observed during the experiments. Equation (8) was therefore applied to the data in the first 20 minutes in determining the disinfection rate constants displayed in Table 5 . 
Discussion
The results of the antibacterial tests in test series I with the resin-TiO 2 surface and test series II with the suspended TiO 2 nanoparticles differ in both the way the different ROS contribute to the overall bacterial inactivation as well as the disinfection kinetics. In tests with the resin-TiO 2 surface we can see from Figure 2 and Figure 3 that H 2 O 2 provides the largest contribution to the inactivation of S. epidermidis because the addition of its scavenger, catalase, resulted in the greatest decrease in log reduction compared to tests in which all ROS were active. In comparison, •OH and H 2 O 2 were seen to be the most important contributors to the bacterial inactivation in tests with the suspended TiO 2 nanoparticles (see Figure 4 and Figure 5) . The finding that H 2 O 2 is the prominent ROS in tests with the resin-TiO 2 surface is in agreement with previous research in which H 2 O 2 was also found to be the most effective ROS in the inactivation of Escherichia coli when the bacteria were separated from the TiO 2 by a 50 μm porous membrane [21] . It could be expected that H 2 O 2 would be more effective at longer ranges due to the longer lifetime of this ROS in comparison to the •OH and 2 O −  radicals. In test series I with the resin-TiO 2 surface, there are two reasons that the ROS would have to act at a distance to achieve an antibacterial effect: 1) bacteria could potentially lie at a distance of up to 200 μm from the photocatalytic surface, and 2) the ROS generated at the surface of imbedded TiO 2 nanoparticles may have to diffuse to the surface of the resin-TiO 2 nanocomposite disk, a scenario which is not unlike the one with the porous membrane in the previously mentioned study [21] .
In test series II involving the suspended nanoparticles, both •OH and H 2 O 2 appear to play the most important roles in the bacterial inactivation. The •OH radical has previously been found to be the primary ROS in the inactivation of E. coli in a suspension of UV illuminated P25 TiO 2 nanoparticles [18] . We can expect the short-lifetime •OH to be effective in this test scenario due to the abundance of nanoparticles in the suspension and the use of the orbital shaker, ensuring a very short diffusion distance to the bacteria. At the same time, in our test setup the abundance of nanoparticles resulted in an opaque solution that also likely prevented UV from reaching nanoparticles further in the suspension. The suspension was stirred during the tests, but it is still likely that longer diffusion distances were required to reach some bacteria, thus explaining the importance of H 2 O 2 in the inactivation process. Further support for the hypothesis of the screening effect in the tests with the TiO 2 nanoparticle suspension is the fact that the disinfection rates in test series II are much lower than those recorded in test series I. Both test series used the same bacterial concentrations and light intensities, so normally one would have expected a greater bactericidal effect with suspended nanoparticles in which the photocatalytic surfaces were on average much closer to the bacteria. In all cases, it is not straightforward to interpret the results obtained by using scavengers for the different ROS since it must be kept in mind that there are multiple pathways for the creation of, for example, H 2 O 2 (c.f. Equations (6) and (7)) and thus blocking one ROS may also affect the abundance of another ROS in the system.
Returning to Figure 2 and Figure 4 , we can observe the disinfection kinetics of the two antibacterial test series where the Chick-Watson disinfection model is also applied to the data. This first order kinetic model is simplistic, but it has found application in several investigations of bacterial inactivation from TiO 2 induced photocatalysis [8] . However, in tests with the resin-TiO 2 surface we find a more complex behavior with two distinct disinfection rates. This two-stage phenomenon has been previously observed [8] and is somewhat similar to the delayed Chick-Watson model [8] . Whereas the delayed Chick-Watson model incorporates an initial lag phase in the disinfection process, the initial step observed in this study exhibits a reduced disinfection rate compared to the second step. A possible explanation for this could be presence of the resin matrix surrounding the TiO 2 nanoparticles, which may result in a delay in the ROS achieving maximum concentration due to the time required for diffusion of the ROS to the surface. Indeed, the same two-step kinetics is not seen in test series II in which the TiO 2 nanoparticles are not encased in the resin material. On the other hand, in the tests of UV light alone using resin disks, the disinfection rate decreases after approximately 10 min instead of increasing, which may suggest that, on the contrary, the bacteria partially recover from the UV exposure. Finally, it has been noted in the literature that different bacterial strains can show different disinfection kinetics with TiO 2 induced photocatalysis [8] . In this study, the Gram-positive S. epidermidis was investigated. This bacterium is catalase-positive, which provides it with a certain resistance against H 2 O 2 . Thus, it would be of interest in future studies to investigate the disinfection kinetics and role of the ROS with other Gram-positive and Gram-negative bacterial strains.
Conclusion
The kinetics of photocatalytic TiO 2 inactivation of Staphylococcus epidermidis and specific contributions of •OH, 2 O −  and H 2 O 2 to the bactericidal process were studied using two photocatalytic disinfection scenarios. In antibacterial tests against S. epidermidis with a layer of bacterial suspension on photocatalytic resin-TiO 2 disks, H 2 O 2 was found to be the most efficient ROS component contributing to the antibacterial effect. Disinfection kinetics showed a two-step behavior with an initial region having a lower disinfection rate followed by a higher rate region after 10 min of UV irradiation. By contrast, in antibacterial tests with suspended bacteria and photocatalytic TiO 2 nanoparticles, •OH and H 2 O 2 showed equal significance in the bacterial inactivation. As well, a typical Chick-Watson disinfection kinetics behavior with a steady disinfection rate was observed instead of the two-step kinetics in the resin-TiO 2 tests.
